Objective: While investigators have reported that patients with GJB2-associated deafness and cochlear implants have preferable language development, the mechanisms of this phenomenon remains unknown. The goal of the present study was to assess higher brain functions of patients with GJB2-related and GJB2-unrelated deafness as a method of evaluating language development.
Introduction
Cochlear implants can produce tremendous functional benefit in children with severe-to-profound deafness. However, language performance after cochlear implantation varies widely from child to child. Thus, identification of the parameters that predict improved language performance after implantation would be of great utility for the preoperative counseling of children who are candidates for cochlear implants 1) .
While several groups
3)-9) have reported excellent speech performance after cochlear implantation, we previously demonstrated that the improved language development in children with GJB2-related deafness after cochlear implant 2) may be dependent on preferable cognitive abilities. Indeed, measurements of non-verbal developmental tests 2) were higher in children with GJB2-related deafness than in those with GJB2-unrelated deafness. Further, several groups have demonstrated that hearing abilities were similar when comparing children with GJB2-related deafness and those with GJB2-unrelated deafness 5)10)11)
.
Language development is highly associated with hearing ability in the case of prelingual deafness, but hearing ability is not the only predictive factor for language development. For example, recent studies 12) demonstrated that partial brain damage may play a central role in language problems. Whether similar factors affect language development in the case of prelingual deafness cases is not clear. Thus, the goal of the present study was to assess higher brain functions of patients with GJB2-associated and non-GJB2-associated deafness as a potential method of evaluating and predicting language development.
Patients and Methods

Subject identification and DNA extraction
Of the 105 children who underwent cochlear implantation at Okayama University Medical School, 17 were presently engaged in elementary school education and were eventually enrolled in this study. Four children were excluded from this study because of apparent developmental problems (pervasive developmental disorder, n=2; severe mental retardation, n=2). Thus, eight school aged children with cochlear implants were included in the final analysis.
All eight children were diagnosed with profound deafness at 4-18 months of age and underwent cochlear implantation (Nucleus 21-channel cochlear implant, Cochlear Corp., Englewood CO, USA) at 3-6 years of age.
At the time of study, participant ages ranged from 7-11 years, and all children were currently engaged in elementary school with auditory-oral, or audiroty-verbal educations. All children previously received auditory-verbal or auditory-aural intervention at Kanariya Gakuen (Auditory center for hearing impaired children, Okayama), preoperatively with hearing aid and postoperatively with cochlear implant. Some of the patients had participated in previous studies with our group.
2) In participating families, cellular samples were obtained from hearing-impaired children by brushing the oral mucosa with a Cytobrush TM (Medscand, Hollywood, CA). Genomic DNA was obtained by phenol/chloroform extraction and ethanol precipitation. DNA samples from 50 healthy children were obtained by the same procedure. Written informed consent was obtained from all participants.
Polymerase chain reaction and sequencing
First round polymerase chain reaction (PCR) was completed with a primer pair covering exon-2 in its entirety (primers A and B, 
Audiological, Neuropsychological and linguistic evaluation
Pure-tone hearing thresholds by headsets (preoperative non-aided hearing level) and sound field hearing thresholds (postoperative, with cochlear implant) were evaluated. In addition, monosyllable speech perception tests were also conducted for all participants. Monosyllable speech sound that correspond to Japanese Phonogram (Hira-gana) were presented from behind with presentation level at 70dBHL, and the children were asked to dictate these Hira-gana.
Raven colored progressive matrices test (RCPM) was used to evaluate non-verbal intelligence 13) , and Rey's auditory verbal learning test (RAVLT) and Rey's complex figure test (RCFT) were used to evaluate visual-cognitive or auditory-cognitive abilities. The standardized language test for aphasia (SLTA)
, which is widely used as a test battery for aphasia in Japan, was used to profile language problems according to the sub-classifications of writing, reading, speaking and listening abilities.
As linguistic evaluation, vocabulary was tested using the picture vocabulary test (PVT) and the standardized comprehension test for abstract words (SCTAW) 16) .
For SCTAW, all questions were conducted under sound-presenting conditions.
Questions were also repeated by the examinees to confirm that the SCTAW results
were not affected by misheard words related to hearing loss.
All these tests were conducted at an acoustic chamber in Okayama University
Medical School Hospital with trained speech and language therapists.
Results
Data are summarized in Tables 2 and 3 . Among the eight children with cochlear implants, three had GJB2-related deafness. All three cases were 235delC
homozygotes, which is the most frequent mutation found in the Japanese population. Five other children did not carry known deafness-causing GJB2 mutations by sequencing of whole coding region of GJB2.
By audiological evaluation, Eventually, the 8 children can divided into two groups; GJB2 related deafness cases (3 cases) and GJB2 unrelated cases (5 cases). Mean periods of hearing aid usage is 73 months in total, 79 months in GJB2 related case and 69 months in GJB2 unrelated cases, respectively. Although there is no statistically significant difference, slightly longer hearing aid usage in GJB2 related cases may reflect the older ages at implantation in this group. i.e. Mean age of implantation is 8years 4month in GJB2 related cases and 7 years and 7 months in GJB2 unrelated cases.
Audiological evaluations also revealed similar results in both cases. Hearing thresholds with cochlear implants between 500Hz to 4000Hz was 25 to 50 dB in all cases. Monosyllable speech perception was also demonstrated the similar results in both cases. These results were also summarized in table 1 (table1)
On the basis of tests evaluating higher brain functions, no apparent cognitive problems were present in children with GJB2-related deafness. By contrast, one child (case #6) with GJB2-unrelated deafness demonstrated poor visual-cognitive processing, as indicated by RCFT scores: 17 at copy, 4 at recall and 0 (impossible to write) at delayed recall. In addition another child (case #5) with GJB2-unrelated deafness displayed auditory cognitive problems, as indicated by good RCFT (36 at copy, 18 at recall and 17 at delayed recall) and poor AVLT (6 at immediate recall, 9
at maximum recall and 6 at delayed recall) results. Another child (case #8) with GJB2-unrelated deafness had a very low SCTAW score; this child was able to response to only 4 out of 32 questions (-2SD level of normal control) despite the fact that the PVT score was not significantly affected. This problem did not appear to be related to severe hearing loss itself, as the child's normal-hearing brother showed a similar performance in these tests and was diagnosed with verbal learning difficulties. Further, evaluation of the brother with SPECT imaging showed localized reduction of blood flow in the temporal lobe (data not shown). Thus, three of five children with GJB2-unrelated deafness showed some degree of higher brain dysfunction that have been associated with learning difficulties.
SLTA scores in the three children with GJB2-related deafness were similar to those in 150 non-aphasic adults (normal control). Among the five children with GJB2-unrelated deafness, one child (case #4) demonstrated fair language development, showing no significant difference from the normal control participants. By contrast, the remaining four children all displayed some language difficulties. For example, one child (case #5) had low scores in auditory comprehension (30), sentence reading (40), and reading comprehension (50).
Another child (case #6) had problems with kana-letter dictation and sentence dictation, indicating a developmental Kana-dyslexia disorder other than prelingual hearing impairment. Another child (case #7) had low sentence dictation score and lower auditory comprehension score, affecting sentence repetition and sentence dictation.
Discussion
Previous reports suggested that children with GJB2-related deafness had relatively better hearing or speaking ability than children with GJB2-unrelated deafness 19) .
However, the present results demonstrated that children with GJB2-unrelated deafness may have associated deficits in higher brain functions that interfere with proper language development after cochlear implant, which may explain the difference in language performance. Learning difficulties (LD) combined with hearing impairment is a poor prognostic factor for language development in children with deafness 17) . In fact, 5-7% of students in programs for the deaf or hard-of-hearing have concomitant LD, making LD the single most frequent disorder in children with deafness 18) .
In the present study, the most striking result was obtained with one child (case #8) who showed difficulty in understanding abstract words despite the absence of a pervasive developmental disorder or mental retardation. In addition, other tests, including the SLTA and RCFT, demonstrated that this child had almost preserved language ability in relation to her hearing peers. Her hearing sibling also complained of difficulty in learning Japanese, and similar testing of the sibling revealed deficits in the usage of abstract words, although other language ability, including non-verbal intelligence, was within normal range. These results suggest that a pure verbal semantic disorder was an independent cause of her language development deficit.
In case 6, a visual-cognitive disorder was identified by RCFT, and this visual problem was also independent from hearing loss. This child also showed developmental dyslexia/dysgraphia, probably caused by this visual-cognitive disorder. Since written language plays a critical role in the education of the children with profound deafness, the child's difficulty in learning written language may have had a severe effect on her language development, as indicated by SLTA. Another child (case #5) demonstrated relatively good non-verbal intelligence by RCPM.
However, poor vocabulary was revealed by PVT and SCTAW. Subsequent reverse numeration and phonological awareness tasks revealed very poor phonological awareness (data not shown), and the child was also diagnosed with attention deficit-hyperactivity disorder.
On the contrary, no apparent neurological deficit was observed in GJB2 related cases. Interestingly, the results of audiological tests including monosyllable speech perception tests in GJB2 unrelated cases were comparable to those of GJB2 related cases. These results indicated that the different outcome as language development between GJB2-related and GJB2-unrelated cases was not caused by the different hearing ability after cochlear implant. We rather assumed that the prevalence of the higher brain function deficits is the major cause of this difference. Several different neurological deficits, such as dyslexia and dysgraphia, can cause difficulties in learning 20) and can result from disturbances in visual-spatial or auditory-phonetic cognitive processing 12) . Indeed, the presence of these cognitive deficits can easily be assumed to result in problems with language learning and development.
Higher brain function deficits can be diagnosed by the neuropsychologic tests used in this study. Further, the specific deficit observed in the SLTA can be explained by these test results. For example, visual learning problems were observed in case 6, who demonstrated dyslexic problems in SLTA, and the problems with sentence repetition and dictation in case 8 may result from her difficulties with conservation of the sentence meaning. These facts suggest that the brain function tests used in this report may be of utility to identify specific cognitive problems and guide language education in school-aged children.
Despite their potential utility, the neuropsychological tests used in this study are too difficult to complete with very young children. For example, cochlear implantation is sometimes indicated at 12-18 months of age, and the majority of these tests cannot be applied to this age group. By contrast, genetic diagnosis, including GJB2 status determination, may provide a useful prognostic factor for language development following cochlear implantation.
There are many other genetic mutations other than GJB2 that are associated with deafness in the absence of other neurological problems. In the present study, one child (case #4) with GJB2-unrelated deafness had brain function and language development that was comparable to children with GJB2-related deafness.
Identification of the genes for non-syndromic hearing impairment (i.e. the hearing loss is the single apparent neurological deficit for the children) and detailed evaluation of their brain functions may further increase our ability to understand the impact of therapeutic interventions in hearing-impaired children.
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